Abstract The vast differences observed in clinical features of schizophrenia are undoubtedly mediated in part by genetic influences. Schizophrenia has been conceptualized as either a collection of disorders with overlapping features or a singular diagnostic entity with modifying influences giving rise to the observed range of manifestations. Accordingly, attempts to connect genetic and phenotypic heterogeneity have predominantly investigated the genetic foundations for clinically defined subgroups or explored the effects of putative risk genes on observed variation in schizophrenia. Some evidence exists to support both perspectives, and they are not mutually exclusive. The past few years have witnessed revolutionary advances in the understanding of the genetic risk factors for schizophrenia. Subsequent investigations of genetic and clinical heterogeneity have begun to integrate these findings and make use of the genotyping advances, allowing genome-wide and rare variation to be studied more readily. Recent studies incorporating symptoms, family history, age at onset, severity, sex, cognition, and environmental influences as either subtypes with a genetic basis or features modified by genetic loci are reviewed herein.
Introduction
It is hard to overstate the range of possible manifestations schizophrenia can exhibit. The clinical features of schizophrenia can include social withdrawal, flattened affect, delusions, hallucinations, disorganized thoughts and speech, cognitive dysfunction, and many other symptoms, although the pattern and severity of symptoms vary widely. In combination with potential ages of onset ranging from childhood to old age, and outcomes spanning chronic unremitting psychosis to full recovery, the expression of schizophrenia is unlikely to be similar between any two patients with this diagnosis.
This considerable clinical heterogeneity has invited numerous attempts to understand its foundations, and two main paradigms have been employed to try to understand the basis for this variation. The first of these conceptualizes schizophrenia as an umbrella term encompassing multiple subtypes with distinct or partially overlapping etiologies and somewhat convergent phenotypes (attributed to Bleuler [1]). Alternatively, schizophrenia has been treated as a singular diagnostic entity with modifying influences giving rise to divergent expression of clinical features (in line with a Kraeplinian perspective [2] ). As with many competing scientific perspectives (e.g. nature vs. nurture), the truth is likely to emerge as a blend of both.
The relationship between modifier loci and subtypespecific risk genes is not always clear. For example, a search for modifiers could instead identify susceptibility genes in a subgroup enriched for the clinical phenotype of interest [3] . Furthermore, whether a given phenotype is examined for modifier or potential subtyping properties can depend on its treatment as a quantitative trait or binary variable. For example, age of onset is a continuous measure often operationalized as early versus late onset.
While it is implicit that genetic subtypes of schizophrenia involve genetic risk loci, genetic modifiers may or may not also confer risk for a disorder. Many studies have focused on modifier properties of putative genetic risk loci to elucidate their behavioral ramifications and because they represent a more tractable starting point than the full genome. Although it is quite likely that some genetic risk loci also modify the presentation of this disorder, modifier loci could act independently of disease risk [4] . For example, pubertal onset has been associated with timing of onset for schizophrenia in women [5] . Therefore, genetic influences on pubertal timing ostensibly correlate with schizophrenia onset, but these loci would not confer risk for schizophrenia per se. Consequently, genomic scans for modifier loci are also necessary.
In practice, genetic studies of heterogeneity in schizophrenia have been carried out from either a genetic perspective (i.e. association studies between carriers of putative genetic risk variants and clinical variation) or a clinical one (i.e. testing phenotypically defined groups of patients for association with genetic markers).
An excellent overview of the research on this topic was compiled by Fanous and Kendler in 2008 [6] . Since this time, most domains of phenotypic variation incorporated into research studies have remained relatively consistent, including symptoms, age of onset, sex, cognition, illness severity, and family history. Our assessment of genetic variation, on the other hand, has undergone dramatic evolution, and the intervening years have witnessed a gradual shift from linkage and candidate gene studies to genome-wide association studies (GWAS) and GWAS-derived risk genes. Rare genetic variation such as copy number variants (CNVs) and single basepair changes detected through sequencing are also gaining in popularity. This review aims to provide an update on the current state of knowledge regarding genetic modifiers and subtypes in schizophrenia.
Symptoms
The extreme differences in symptom profiles exhibited by people with schizophrenia have engendered a great deal of interest in the genetic underpinnings for this observation. Numerous inventories exist to assess positive and negative symptoms and occasionally others such as depressive or disorganized symptoms of schizophrenia. Items within each symptom domain are often summed to create composite scores, or clustering techniques such as factor analysis can be applied to reduce the number of statistical tests.
Schizophrenia candidate genes within dopamine pathways have been popularly studied in relation to symptoms. For example, several small (N < 300) association studies of COMT, involved in dopamine catabolism, have been conducted yielding significant associations with negative symptom levels in some studies [7] [8] [9] , but no symptom associations in others [10, 11] . The DBH gene, encoding an enzyme in the dopamine biosynthetic pathway, was significantly associated with positive symptoms in a sample of 747 cases [12] , and, in a separate study, DRD2, a dopamine receptor, was associated with negative symptoms in 2,408 cases [13] .
Additional candidate genes with mixed evidence for involvement in the etiology of schizophrenia have also been investigated as possible modifiers of symptoms within this disorder. The BDNF val/met polymorphism was implicated in modulation of anxiety/depression symptoms in one study (N = 456) [14] and negative symptoms in another (N = 375) [15] . Variation in the manganese superoxide dismutase gene, mnSOD, was also associated with negative symptoms in one study involving 522 patients [16] but not another with only 216 subjects [17] . The gamma-aminobutyric acid (GABA) transporter SLC6A12 was implicated in negative symptom modulation in 283 Korean schizophrenia patients [18] . NRG1 markers have been associated with positive symptoms in a large German sample (N=1,071) [19] , and a short tandem repeat in RELN was associated with both positive and negative symptoms in a Finnish family sample comprising 983 affected and unaffected individuals [20] . A study relating symptoms to single nucleotide polymorphisms (SNPs) located within previously identified linkage peaks for schizophrenia reported associations between positive symptoms and a SNP within ORC3L and disorganized symptoms with variation in BAI3 (N=178) [21] .
The GWAS-derived risk allele in ZNF804A was associated with increased psychotic positive symptoms in 335 cases [22] , while carriers of the MIR-137 risk allele demonstrated lower levels of positive symptoms in a sample of 821 patients [23] . A GWAS investigating the genetic relationship to three symptom dimensions (positive, negative/disorganized, and mood) revealed no associations with specific loci in 2,454 patients, but increased polygenic risk scores derived from a case-control GWAS of schizophrenia were significantly correlated with the negative/disorganized dimension in these 2,454 cases, indicating a stronger relationship between schizophrenia risk and these symptoms than for other symptom dimensions [24•] . Another GWAS specifically investigating levels of negative symptoms identified no genome-wide significant associations, despite using 1,774 cases [25] .
While no definitive associations with symptoms have emerged thus far, reported associations with negative symptoms slightly predominate. This may be a reflection of their relative ease of quantification, as they are more likely to emerge as a single factor in factor analysis and be more persistently enduring than the vacillating, treatmentamenable positive symptoms. They are also more readily observed by raters, as positive symptoms can only be determined by patient report [6] .
Family History
The role of family history in genetic studies of schizophrenia has been a polarizing topic. On one hand, having a family member with schizophrenia is still among the most salient factors for risk prediction, and some evidence (reviewed below) suggests differences in rates of some genetic risk factors based on family history. However, for highly polygenic diseases such as schizophrenia, most families with a 'sporadic' affected individual actually have circulating risk variants [26] , rendering the familial/sporadic distinction relatively meaningless from a genetic standpoint.
Genetic investigations incorporating family history information have yielded conflicting results. One early study of de novo mutations (i.e. not observed in the parents of the affected individual) in a sample of 53 sporadic cases, 22 controls, and their parents found an excess of these changes in the cases and posited that, in conjunction with CNV estimates, de novo variants were responsible for >50 % of sporadic cases [27] . The same research group later revised these estimates downward following analysis of a sample of 231 patient-parent trios, alleging that one-quarter to one-third of sporadic schizophrenia cases are due to de novo events [28] . However, a larger, more recent exome-sequencing study of 617 probands and their parents observed no differences in mutation rates between cases with and without a family history of schizophrenia [29] .
Another recent study in 386 Irish cases found that carriers of rare CNV deletions or combined deletions/duplications that intersected brain-expressed genes were less likely to have a family history of schizophrenia, although without parental genotypes, it was not possible to determine whether these were inherited [30] . Common genetic variation has also been assessed in a GWAS conducted separately for cases with (N= 527) and without (N=1,661) a family history of schizophrenia compared with control subjects (N=3,187), but no significant associations were revealed following correction for multiple tests [31•] . Amid these conflicting reports, consensus has yet to emerge regarding the relationship between genetic markers and family history of schizophrenia.
Age at Onset
Since early age at onset (AAO) curtails education and integration into society and is related to poor prognosis [32] , understanding the biological (and environmental) influences modulating onset timing is a worthwhile goal. The two published GWAS of AAO in schizophrenia (N=1,162 and 2,387) [31•, 33] and another linkage study in 170 related pairs of subjects [34] all failed to identify genetic loci significantly impacting this measure. However, several associations between AAO and schizophrenia candidate genes have been reported. A protective haplotype of NRG1 demonstrated association with earlier onset using a quantitative measure in 1,071 subjects [19] . A study of DTNBP1 in 268 families reported some haplotypes segregating with early-onset schizophrenia and others with adult onset [35] . Variants within the estrogen receptor alpha gene were associated with earlier AAO, and post hoc tests revealed this was driven by the female subjects (total N=303; 151 females) [36] . The BDNF val/met polymorphism was associated with earlier AAO in male (N= 117) but not female (N=91) paranoid schizophrenics [37] .
Childhood-onset schizophrenia (COS) has received special attention as an early-onset subgroup within the schizophrenia patient population. While many studies have concentrated on clinical and neuroanatomical differences, some have investigated possible genetic differences in COS. Rare CNVs associated with schizophrenia are often de novo events and are enriched in cases with early/childhood onset (adult-onset cases=74, early onset=76, COS=83) [38] . Carriers of de novo single nucleotide changes do not appear to have earlier AAO as a whole [29] , although this has not yet been thoroughly investigated in COS.
Severity/Course of Illness
As with AAO, illness severity can be investigated as either a quantitative or a binary trait, and one of the main challenges of studying this trait is defining it. Symptom levels, number of hospitalizations, treatment resistance, and the patterns of psychotic episodes over time could all be indices of illness severity but may have very different underlying causes.
A GWAS of patients with mild (N=496) versus severe (N= 1,436) course of illness yielded no significant associations [31•] . Another GWAS tested for associations with severity by treatment group in the Clinical Antipsychotic Trial of Intervention Effectiveness (CATIE) sample consisting of 738 patients [39] . Three SNPs in PDE4D mediated effects of quetiapine on severity. Genetic variants in TJP1 and PPA2 were related to severity while receiving risperidone as reported by patients and clinicians, respectively. The robustly associated risk allele in the ZNF804A gene also appears to confer risk for increased positive symptom severity in a sample of 335 patients [22] , and SNPs in the membrane-bound isoform of COMT were associated with negative symptom severity in 238 patients [8] .
Sex
The epidemiological observation that more males than females receive schizophrenia diagnoses [40] , in combination with other differences by sex, such as earlier onset and more severe course in men [41, 42] , has prompted genetic investigations of sex-specific effects (present in only one sex) and sex-dependent effects (exerting differential influences by sex). Almost all studies of schizophrenia risk by sex have examined specific genes; however, one GWAS for schizophrenia risk in males (1,850 cases, 1,441 controls) and females (912 cases, 1,746 controls) separately was conducted and yielded no significant results [31•] . A comprehensive review of the literature on schizophrenia candidate genes and sex was recently published by Goldstein et al. [43•] , who found that associations have either been isolated reports or been inconsistently significant when examined in multiple studies. Interestingly, the authors noted that most of the sex-specific reports have been in females. A possible explanation for this is that malespecific effects could be predominantly localized to the sex chromosomes, since their haploid status leads to expression of any genetic problems, while females enjoy the buffering effects of a second X chromosome and, of course, no Y. Unfortunately, the X chromosome is frequently excluded from analyses due to the difficulties presented by haploid males and diploid females, and Y chromosome markers are included even less often.
An alternative possibility is that the genetic risk factors do not differ between sexes, but that being male inherently increases risk for schizophrenia. This concept is illustrated by studies of height, which show similar effects of statureassociated genetic loci for both men and women, but shifted distributions by sex [44] .
Cognitive Impairments
Cognitive deficits are widely acknowledged as a core feature of schizophrenia; however, the extent of impairment varies substantially across individuals, and relatively little is known about its genetic basis. Some candidate genes such as RELN (N=938) [20] , MAGI2 (N=114) [45] , DBH (N=195) [46] , and BDNF (N=657) [47] have been associated with measures of cognition with varying levels of confidence. However, many other recent studies have concentrated on cognitionmodifying properties of GWAS-identified loci. The CSMD1 risk allele was associated with worse overall cognitive ability and memory function, but not attention, in samples from Ireland (387 cases, 171 controls) and Germany (205 cases, 533 controls) [48] . A GWAS-identified risk allele in the major histocompatibility complex was associated with both episodic memory and hippocampal volume in patients with schizophrenia (N=346) and healthy comparison subjects (N= 2,382) [49] . Reduced attentional control in ZNF804A risk allele homozygotes was observed in a sample of 63 healthy adults [50] , but attention and working memory in a sample of 1,507 healthy males was not significantly affected by riskallele carrier status [51] . In one study of 596 patients with psychosis spectrum disorders, carriers of the TCF4 risk allele demonstrated poorer verbal fluency and learning [52] , but another study reported better cognitive function in patients (N=580) and worse in controls (N=498) with the risk allele [53] . Using a novel approach, one study of 617 patients empirically defined two groups based on cognitive symptoms, and the MIR-137 risk allele in combination with increased negative symptoms predicted membership in the cognitive deficit subgroup [54] . Cognitive deficits involving episodic memory and attentional control were also observed in MIR-137 risk allele carriers with schizophrenia (N = 329), schizoaffective disorder (N=70), or no diagnosis (N=171) in a separate study [23] .
Aggregated genetic risk for schizophrenia was associated with a relative cognitive decline between 11 and 70 years of age in 937 healthy subjects, indicating some common genetic factors [55] . A GWAS explicitly examining cognitive decline in schizophrenia revealed no significant loci, but had limited power, with only 166 subjects [56] . Additional studies are needed to confirm the tentative findings so far, and the relationship between genetic influences on cognition overall and specifically in the context of schizophrenia also merits further attention.
Gene x Environment Subgroups
In genetically susceptible individuals, some environmental exposures could lead to the development of schizophrenia, and these paths to this diagnosis may constitute etiologically distinct subgroups. Cannabis use is a particularly strong candidate for gene x environment interaction precipitating a schizophrenia diagnosis, and markers within COMT [57, 58] and AKT1 [59] have been specifically tied to this interaction in large samples (N>700). Exposures to some pathogens, including Toxoplasma gondii and human herpesvirus-2 during sensitive developmental periods have also been implicated through multiple lines of evidence [60] , and toxoplasmosisrelated schizophrenia has been specifically investigated as a subtype in 194 toxoplasma-free and 57 infected patients. The infected patients scored higher on positive symptoms, and several measures of psychopathology were associated with lower titers of anti-toxoplasma antibodies, suggesting that greater duration of infection is related to deteriorating course of illness [61] .
Epidemiological evidence suggests that low birth weight may differentially impact children at high genetic risk for schizophrenia [62] , although the relationship between obstetric complications and genes is far from clear [63] . Other environmental measures that have been tied to schizophrenia, such as living in an urban environment [64] , may monotonically increase risk or interact with genetic risk factors.
Other Phenotypes
In addition to the aforementioned types of variation, a number of other less-often researched domains exist. Although the Diagnostic and Statistical Manual of Mental Disorders (DSM)-5 has not retained them, five clinical subtypes were put forth in the DSM-IV-TR [65] : disorganized, paranoid, undifferentiated, residual, and catatonic [66] . For the most part, these categories were not conducive to research and were rarely used. Paranoid schizophrenia has been the only DSM subtype to receive much attention in a research capacity. The aforementioned study linking BDNF and AAO [37] was conducted in a population of paranoid schizophrenia patients, and other recent genetic studies in this subgroup have reported associations with variation in the DRD5 (176 patients, 206 controls) [67] and HTR1A (161 patients, 182 controls) [68] genes. None of these studies tested for associations in non-paranoid schizophrenia subjects, impeding interpretation of whether these are truly subgroup-specific associations.
Deficit schizophrenia refers to a presentation with primary and enduring negative symptoms; this was proposed as a potential subtype in 1988 [69] and implemented as such in a recent genetic association study of five candidate genes treating deficit (N=153) and non-deficit (N=127) cases as distinct subgroups and comparing them with healthy controls (N=230). Nominal associations with SNPs in NRG1 and DTNBP1 were detected for schizophrenia risk in the nondeficit group [70] , supporting prior associations of DTNBP1 as a modifier of negative symptoms [6] .
Advanced paternal age has been linked to risk for schizophrenia [71] , and k-means clustering of patients with (N=34) and without (N=136) older fathers based on demographic, symptom, and cognitive measures yielded some clusters with high proportions of cases with older fathers [72] , suggesting they may define a subtype notable for having relatively higher verbal compared with performance intelligence.
Treatment response almost certainly has some genetic basis, conferring modifying properties. However, certain drugs may improve symptoms in some patients because they have a common underlying pathophysiology (i.e. a subgroup). Pharmacogenomic investigations in schizophrenia have so far not yielded promising results in terms of modifier locus identification or defining subgroups [73] . A GWAS of response to five common antipsychotics (olanzapine, quetiapine, risperidone, ziprasidone, and perphenazine) in 738 subjects yielded no variants with strong associations [74] . Some individual genes have also been investigated as potential modifiers of antipsychotic response, including one report of attenuated amelioration of positive symptoms in response to antipsychotic medications for carriers of the risk allele within ZNF804A in a sample of 144 patients [75] . Variation within the cytochrome p450 gene, CYP2D6, involved in the metabolism of many drugs, has been extensively studied, but a recent review and meta-analysis determined there is little evidence to support its role in the efficacy of antipsychotic medications [76] .
Discussion
As we begin to understand the genetic risk for the construct termed 'schizophrenia', the next major task is to disentangle the complex relationships between genetic and clinical heterogeneity. Many studies have attempted to connect genetic risk factors to AAO, family history, severity, sex, symptoms, environmental exposures, and other clinical features, but few attempts at replication have been made for most of the resultant findings. Furthermore, the same problems of limited genomic coverage and small samples that have historically plagued genetic association studies of risk for schizophrenia continue to thwart the majority of these investigations. Conclusive genetic subtype and modifier associations in schizophrenia have yet to emerge.
As alluded to throughout this review, complex relationships exist between many of the variable characteristics of schizophrenia. Early AAO and increased illness severity have been strongly and consistently correlated [31•, 32] . On average, males also have an earlier onset than females, and, unsurprisingly, a worse prognosis [41, 77] . Such interactions add to the difficulty in studying heterogeneity in schizophrenia and may be potential confounders.
One of the main difficulties with studies of phenotypic heterogeneity is the unstandardized nature of many of the measurements. Even apparently straightforward metrics such as AAO can refer to age at first symptoms, diagnosis, or hospitalization, and may be subject to recall bias or local healthcare availability. Symptoms vary over time and hinge on accurate reporting in a population that may be reluctant to fully disclose this information. Other measures such as severity and cognitive deficits are also open to interpretation and variably defined.
Subjective categorizations may slowly give way to objective measures as the genetic risk for schizophrenia is identified with increasing confidence. The low effect sizes of the associated variants emerging from GWAS may partially result from dilution due to etiological heterogeneity within the case groups. However, the identified variants offer new opportunities to group patients by the constellations of risk markers they harbor. Clustering patients in this manner has been advocated in terms of autism research [78] and is becoming tractable for schizophrenia investigations as well. These objective genotypes offer a more solid foundation on which to identify subtypes from an etiological standpoint, and characterizing clinical differences and potential modifying loci would logically follow from identification of biologically defined subgroups.
Most investigations of modifying loci have understandably centered on the more research-amenable set of identified risk variants for schizophrenia. Studies of inconsistently associated candidate genes are waning as the more statistically sound GWAS-identified genes step in to replace them. Increasingly, genome-wide searches have also been implemented in studies of subtypes and modifiers. Studies of rare and de novo CNVs and mutations are also growing in number as the methods to detect them improve in quality and decrease in cost.
In addition to the technological advances in genotyping, methodological developments have been made to aid in this endeavor. Since it may be difficult to know a priori whether subtype or modifier paradigms best fit a genotype-phenotype relationship, statistical methods to simultaneously investigate modifier and subtype associations were created [79•] . Dimensional approaches, exploring symptoms regardless of diagnoses, are currently en vogue and compatible with studies of this kind but have not yet been widely implemented.
Many of the CNVs and some of the SNPs associated with schizophrenia also confer risk for other psychiatric disorders [80, 81] , and many symptoms are also shared with a range of psychiatric problems. These pleiotropic effects and crossdisorder phenotypes are beyond the scope of this review, but bear further scrutiny. The biological mechanisms by which these genes exert their effects on clinically relevant behavior remain obscure and mandate additional research. Biomarkers, intermediate between the genes and behavior, have been elusive in psychiatry, but are often heralded as a way to revolutionize diagnostic procedures and would almost certainly also prove useful in efforts to define more similar groups of patients.
Observable variations in schizophrenia may partially stem from population differences. Most genetic studies of schizophrenia have involved subjects of European or East Asian ancestry, with very little contribution from other populations. A comprehensive understanding of the influences leading to schizophrenia in its many manifestations will necessitate global participation. As a step in this direction, investigations of genetic modifiers of symptoms, AAO, risk differences by sex, and other genetic modifiers and subtypes are currently underway using subjects from the 49 non-overlapping samples comprising the Psychiatric Genomics Consortium, which have already yielded unprecedented evidence for novel susceptibility genes [82] . Just as more definitive findings have emerged from large collaborative GWAS, consortia addressing variations in schizophrenia will be able to offer more authoritative conclusions.
